O besity in the United States has reached epidemic proportions. More than 37% of the American population is now obese and 7.7% is morbidly obese 1 . Because obesity predisposes patients to osteoarthritis, a growing percentage of patients undergoing total joint arthroplasty are obese 2 . Patients with a body mass index (BMI) of >40 kg/m 2 (morbidly obese) are more than 8 times more likely to have total joint arthroplasty when compared with patients with a normal BMI (BMI < 25 kg/m 2 ) 3 .
Morbid obesity is a risk factor for complications following total joint arthroplasty [4] [5] [6] . Morbidly obese patients thus assume an elevated risk of the medical, personal, and financial hardships associated with complications following total joint arthroplasty. Surgeons who perform operations on morbidly obese patients also assume responsibility and risk. A decision to operate is a commitment to care for complications. Complications are emotionally draining, require additional time and resources, and can be financially harmful to the surgeon's practice. The increased risk to the patient and assumed by the surgeon has thus led some surgeons to advocate for a BMI-based eligibility criterion for total joint arthroplasty above which the surgical procedure is delayed or is denied 7, 8 .
However, successful total joint arthroplasty provides improvements in pain and function to morbidly obese patients that are comparable with the improvements experienced by nonmorbidly obese patients [9] [10] [11] . BMI-based eligibility criteria are thus controversial as they raise ethical concerns with regard to restricted access to care 12 . Hence, the use of BMI-based eligibility criteria in total joint arthroplasty practices is highly variable. Some centers in the United Kingdom restrict total joint arthroplasty to patients with a BMI of <30 kg/m 2 , according to 1 news report 13 , although many surgeons advocate restricting total joint arthroplasty to patients with a BMI of <40 kg/m 2 . Others do not restrict access to total joint arthroplasty based solely on BMI, but incorporate that information into an overall risk assessment. However, methods for calculating person-specific risks are underdeveloped 14 , making it difficult to discuss risks in real terms.
Restricting total joint arthroplasty to patients below a certain BMI should reduce the overall number of complications and the cost of those complications to the health-care system. However, this practice limits patient access to the pain relief and functional improvements of total joint arthroplasty and may increase direct and indirect costs of care associated with advanced hip or knee arthritis. The balance between limiting access and avoiding complications by enforcing a BMIbased eligibility criterion has never been studied or reported, to our knowledge, yet it is essential to establishing such an eligibility criterion in the first place.
In this study, we evaluated what would have happened if a strict BMI-based eligibility criterion were enforced across a large, integrated health-care system. We sought to determine how many patients would have avoided a 30-day perioperative complication or 90-day death following total joint arthroplasty compared with how many patients would have been denied access to a complication-free total joint arthroplasty.
Materials and Methods
T his study was approved by our institutional review board.
This was a retrospective cohort study of patients with osteoarthritis who underwent primary total joint arthroplasty in the Veterans Health Administration (VHA) health-care system between October 1, 2011, and September 30, 2014. We drew national data from the VHA Corporate Data Warehouse (CDW) and the Veterans Affairs Surgical Quality Improvement Program (VASQIP) databases. The most proximal preoperative height and weight measurements were used to calculate BMI. VASQIP data were used to determine the occurrence of major complications or death. Thirty-day major complications were readmission, reoperation, cardiac arrest, myocardial infarction, Fig. 1 A bar graph showing the BMI distribution for the patients in this study. coma, cerebrovascular accident, peripheral nerve injury, bleeding requiring >4 units of packed red blood cells, deep vein thrombosis, pulmonary embolism, prosthesis failure, systemic sepsis, failure to wean from the ventilator, pneumonia, reintubation, progressive renal insufficiency, wound dehiscence, organ/space surgical-site infection, and deep infection. In addition, we looked at death within 90 days of the surgical procedure. To understand the effect of obesity class on major complications, we performed logistic regression with age and the Charlson Comorbidity Index as covariates.
We then evaluated what would have happened to these patients if various BMI-based eligibility criteria had been enforced. We determined how many complications would have been avoided and how many patients who would not have experienced a complication would have been denied a surgical procedure. Considering the BMI-based eligibility criterion as a test for postoperative complications, we calculated the positive predictive value of the test at various BMI cutoffs. The positive predictive value is the number of true positives divided by the total number of positives indicated by the test. Similarly, we also determined how many patients who would not have had a complication would have been denied a surgical procedure for every 1 patient who would have avoided a complication because of enforcement of the BMI criterion.
We also determined what would have happened across the health-care system if eligibility for total joint arthroplasty were simply determined by flipping a coin. This arbitrary test was included to serve as a reference with which the various BMI-based eligibility criteria could be compared.
Results
I n this study, 27,671 primary total joint arthroplasties were sampled by VASQIP: 67.7% were total knee arthroplasties and 32.3% were total hip arthroplasties; and 93.7% of patients were male, reflecting the demographic characteristics of patients in the VHA. The distribution of BMI categories in this cohort is shown in Figure 1 . The mean age, sex distribution, and mean Charlson Comorbidity Index for patients in each BMI category are shown in Table I .
The overall major complication rate was 5.05%. Among patients with a BMI of ‡40 kg/m 2 , the major complication rate was 6.74%. This difference was significant (p = 0.005, chi square test), confirming that morbid obesity was associated with an elevated risk of perioperative complications. In our cohort, the risk of major complications in morbidly obese patients compared with the general patient population (relative risk) was increased by 32%. The absolute increase in risk was 1.6%. Major complications significantly associated with morbid obesity were peripheral nerve injury (absolute risk, 0.41%; p = 0.005), pulmonary embolism (absolute risk, 1.71%; p < 0.0001), and deep surgical-site infection (absolute risk, 0.81%; p = 0.001). The distribution of complications for all patients and for patients with a BMI of ‡40 kg/m 2 is shown in Table II . Table III shows the odds ratios for major complications for patients in each BMI category (adjusted for age and Charlson Comorbidity Index) referenced to patients with a BMI of 25 to <30 kg/m 2 . The odds ratio rises continuously across the range of BMI categories. Compared with patients with a BMI of 25 to <30 kg/m 2 , we found a 37% increased risk (1.6% increased absolute risk) of major complications in patients with a BMI of 40 to <45 kg/m 2 , a 63% increased risk (2.63% increased absolute risk) in patients with a BMI of 45 to <50 kg/m 2 , and a 531% increased risk (15.5% increased absolute risk) for patients with a BMI of ‡50 kg/m 2 . Table IV shows what would have happened to the 27,671 patients who had primary total joint arthroplasty if various strict BMI-based eligibility criteria had been enforced throughout the VHA. We can determine this because all of these patients had a surgical procedure, and individual BMI and complications are available in the medical record. For example, if there had been a system-wide BMI-based eligibility criterion for total joint arthroplasty of ‡40 kg/m 2 , of the 27,671 surgical procedures, 25,126 cases (90.8%) would have proceeded and would not have had a complication (true *The values are given as the mean and the standard deviation. †The values are given as the number of patients. ‡The values are given as the mean and the standard deviation, with the range in parentheses.
negative), 1,314 (4.75%) would have proceeded but would have resulted in a complication (false negative), 1,148 (4.15%) would have been needlessly blocked as there would not have been a complication (false positive), and 83 cases (0.3%) would have been properly blocked from proceeding because they would have resulted in a complication (true positive). Considering a BMI of ‡40 kg/m 2 as a test for postoperative complications, the positive predictive value would have been 6.74% (95% confidence interval [CI], 5.44% to 8.33%). This means that 6.74% of the people testing positive with a BMI of ‡40 kg/m 2 would have had a complication. For every 1 patient who would have avoided a complication because of the BMI-based eligibility criterion of ‡40 kg/m 2 , about 14 patients who would not have had a complication would have been denied access to complication-free total joint arthroplasty.
Table IV also demonstrates that if the BMI-based eligibility criterion is very stringent (low), surgical procedures with complications are reduced, but many more surgical procedures that would not have had a complication are blocked from proceeding. As the BMI-based eligibility criterion for acceptable BMI becomes more lax (that is, the BMI cutoff rises), major complications rise, but many more people end up having a successful surgical procedure without a complication. The positive predictive value of the BMI criterion test for complications rises with an increasing value of BMI. With a BMIbased eligibility criterion of 50 kg/m 2 , the positive predictive value of the test for major complications improves to 18.9% (95% CI, 9.89% to 32.41%). In this case, only about 4 patients are denied a complication-free surgical procedure for every 1 patient who avoids a complication. Finally, at the bottom of Table IV , one can see what would have happened if eligibility for total joint arthroplasty had been arbitrarily determined by flipping a coin. The total number of cases that had a complication (1,397 cases) is evenly distributed between proceeding to the surgical procedure or being denied the surgical procedure (698.5 cases in each group). Similarly, the total number of cases that did not have a complication (26,274 cases) is evenly distributed between proceeding to the surgical procedure or being denied a surgical procedure (13, 137 in each group). Such an arbitrary test would have had a positive predictive value of 5.05% (the overall complication rate). If surgical eligibility had been determined with a coin flip, about 19 patients would have been denied a complication-free surgical procedure for every 1 patient who avoided a complication. As can be seen in Table IV , a BMI-based eligibility criterion of 30 kg/m 2 has nearly the same performance as a coin flip in identifying patients who would have had a complication with total joint arthroplasty. The positive predictive value using a BMI eligibility criterion of 30 kg/m 2 is 5.33% (95% CI, 4.99% to 5.71%), and the number of patients denied a surgical procedure for every complication avoided is 18. *The values are given as the number of patients, with the percentage in parentheses. †The values are given as the positive predictive value, with or without the 95% CI in parentheses.
Discussion
P rior studies have shown that patients with high BMI are at increased risk of having complications following total joint arthroplasty [4] [5] [6] . It is therefore no surprise that we found this to be true within the VHA. Although it may thus seem prudent to restrict access to total joint arthroplasty to patients below a BMI threshold, our analysis reveals the unintended consequence of enforcing a strict system-wide BMI-based eligibility criterion for total joint arthroplasty. On a population level, such a policy would reduce the overall number of complications, but would also result in denying total joint arthroplasty access to a much larger number of patients who would not have had a complication. We have quantified this effect for the largest integrated health-care system in the United States.
This study did have important limitations. The most important limitation is that VASQIP tracks complications over 30 days following the surgical procedure and death over 90 days following the surgical procedure. Late failure such as loosening, instability, and late infection may be related to morbid obesity, but was not accounted for in this study. Several studies have compared the longer-term survivorship of total joint arthroplasty in morbidly obese and non-morbidly obese patients, and the findings have been mixed. Issa et al. 15 (105 morbidly obese patients undergoing total knee arthroplasties), at a mean follow-up of 52 months, and Bordini et al. 16 (172 morbidly obese patients undergoing total knee arthroplasties), at a mean follow-up of 5 years, did not find an effect of morbid obesity on total knee arthroplasty survivorship. In the largest study of which we are aware on total knee arthroplasty survival as a function of obesity class published to date, Zingg et al. found no significant effect of obesity on survival at 5 years, but a more than twofold increase in revision for any reason in patients with a BMI of ‡35 kg/m 2 at 10 years 17 . The 10-year implant survivorship was approximately 97% for patients with a BMI of <35 kg/m 2 compared with approximately 93% in patients with a BMI of ‡35 kg/m 2 . In patients undergoing total hip arthroplasty, including 206 patients who were morbidly obese, McCalden et al. were unable to find a significant difference in implant survivorship between patients in all weight categories, including morbidly obese patients, in a survivorship analysis that spanned 15 years 18 . In contrast, Chee et al. compared 55 morbidly obese patients with 53 non-obese patients and found that 5-year survivorship in morbidly obese patients (90%) was worse than in non-obese patients (100%) 19 . However, these patients all had fully cemented total hip arthroplasties. An additional study with longer follow-up would be needed to accurately determine the effects of late failure on the advisability of establishing a strict BMI eligibility criterion for total joint arthroplasty. This was beyond the capabilities of our current data set.
Additional limitations included that this study was conducted on health data from the VHA. Patients in this system are overwhelmingly male and have a different distribution of comorbidities than general patients. We looked at the effect of sex on our results and found that male patients were slightly more likely to have a major complication than female patients (odds ratio, 1.34 [95% CI, 1.03 to 1.75]), but there were too few patients in the highest BMI categories to conclude anything regarding whether there was a difference based on sex at the highest BMI categories.
Furthermore, it is important to note that, as in the general community, the various VHA surgeons and facilities may or may not have been enforcing various BMI-based eligibility criteria for surgery. It is thus likely that the true number of potentially operable morbidly obese patients in the VHA system over the studied time period was actually higher than the number presented here. However, the calculated positive predictive value of morbid obesity as a test for complications should be unaffected. This calculation depends on the ratio between complicated and uncomplicated surgical procedures in patients with BMI above the criterion of interest. If more surgeons had chosen to operate on morbidly obese patients who were otherwise acceptable for a surgical procedure, the actual numbers would have gone up, but the ratio should have remained constant.
Finally, it is very important for the reader to recognize that the morbidly obese patients who ended up having a surgical procedure in this cohort were considered to be otherwise acceptable surgical candidates by the surgeons who chose to operate. Presumably these morbidly obese patients who had a total joint arthroplasty did not have many of the comorbidities that are commonly associated with morbid obesity. We are not comparing the application of a strict criterion to indiscriminately operating on everyone with a high BMI. Rather, we are comparing application of a strict criterion to the current practice in the VHA system, which includes highly variable selection criteria. In this retrospective analysis, there were no uniform criteria used to establish suitability for a surgical procedure. We cannot estimate how many morbidly obese patients were denied a surgical procedure because of a strict BMI criterion or how many morbidly obese patients were denied a surgical procedure in this time period because of a comprehensive assessment of their overall health.
In this study, we investigated what would have happened if the VHA had uniformly enforced various BMI-based eligibility criteria for total joint arthroplasty, and we compared the results with those of the current practice. We found that a very strict BMI criterion for total joint arthroplasty eligibility, such as a BMI of 30 kg/m 2 , would have been marginally more effective than flipping a coin in identifying patients who were destined to have a complication following a surgical procedure. Such an overly stringent test, which has been applied in some centers in the United Kingdom, would have had the effect of arbitrarily rationing care. Such a practice should not be used to determine whether someone is eligible for total joint arthroplasty.
If the VHA health-care system had uniformly adopted the commonly advocated BMI eligibility criterion of ‡40 kg/m 2 , such a policy would have resulted in approximately 14 morbidly obese patients being denied an uncomplicated surgical procedure for every 1 patient who would have avoided a complication following the surgical procedure. Is this balance acceptable? Some patients may conclude that a health-care system that applies a blanket criterion with this ratio is overrestricting access to care and is not allowing enough autonomy to individual patients to determine their personal tolerance to risk. However, some surgeons may consider this to be an acceptable trade-off, particularly if they do not have a suitable practice setting, level of support, or degree of comfort in exposing patients to elevated risks and handling complications. For the health-care system, setting a hard BMI cutoff for surgical eligibility is an economic decision, and it is unclear whether this ratio is acceptable or not. Total joint arthroplasty has been shown to be highly cost-effective, even in higher-risk patients 20 , as the quality-adjusted life-years gained and the savings from no longer having to support the disability and medical costs associated with advanced arthritis offset the expenditures associated with the operation and its aftercare 20, 21 . At some point, as patients become even higher risk, operating may no longer be cost-effective. Ultimately, given our current level of understanding, we believe that it is unreasonable to interfere with the patient and physician relationship by administratively setting rigid surgical eligibility standards for joint replacement as they can have broad and poorly understood consequences. Further research that accounts for both the advantages and disadvantages of enforcing a BMI eligibility criterion for joint replacement is needed to determine whether any cutoff level of risk can be identified and supported. n
